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In  Bacillus subtilis  the  reduction  of  potassium 
tellurite  and  of  tetranitro-blue  tetrazolium 
(TNBT) give comparable results:  reduced  prod- 
ucts appear  deposited  in particular membranous 
organelles.  For  this  reason  these  specialized 
organelles are considered to be chondrioids (1-3). 
In  the  Gram-negative  Proteus vulgaris  similar 
membranous structures  were  never observed  by 
us (4, 5). Therefore it is a challenging problem to 
investigate the location of the respiratory chain in 
this organism. With potassium tellurite applied to 
Proteus (2,  4,  5)  in a  manner similar to  that for 
Bacillus subtilis  (1,  2,  5), we observe deposition of 
reduced product in a rather restricted cytoplasmic 
area contiguous to the plasma membrane. In view 
of modern ideas  that  enzymes belonging to  the 
oxidative  phosphorylation  process  would  be  lo- 
cated in elementary particles forming part of the 
cristae mitochondriales, it was considered essential 
to  determine  upon  what  cell  structures  in  this 
organism  the  products  of  tetranitro-blue  tetra- 
zolium reduction are deposited. 
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Proteus vulgaris, a strain obtained from Dr.  E. Kliene- 
berger-Nobel, was cultivated under vigorous agitation 
in Difco  hcart infusion broth.  To  cells in  the early 
logarithmic  phase  of growth  washed  with  S6rensen 
buffer was added a  solution of 0.05  per cent TNBT 
in the SSrensen buffer together with either one of the 
following substrates: 0.5 M sodium succinate, sodium 
formate,  sodium  pyruvate,  or  sodium  lactate.  The 
incubation  media  containing  TNBT  were  supple- 
merited with 0.004 ~  calcium chloride,  and incuba- 
tion was carried out for 1 hour at room temperature. 
After  incubation the  cells  were  washed  in  acetate- 
Vcronal buffer and fixed overnight, in the usual way 
of  Ryter  and  Kellenberger,  and  subsequently  em- 
bedded  in  Vestopal  W.  For  reasons  of comparison 
some embeddings were made in Epon. 
Thin sections were  cut  with glass knives on LKB 
ultrotomes. The electron micrograpsh were made with 
a  Philips  EM  200,  using the double condenser lens 
system and the 25 #  objective aperture. 
RESULTS 
Fig.  1 is of a  Proteus cell treated  with TNBT  and 
succinate as substrate, and embedded in Vestopal. 
In  the  cytoplasm  at  (Ch) are  areas  of  a  density 
slightly  higher  than  that  of  its  other  parts.  In 
evaluating  this  result  it  should  be  taken  into 
account  that  the  range  of  contrast  of  TNBT- 
treated  cells  as  compared  with  that  of  the  em- 
bedding medium proved to be extraordinarily low, 
and therefore the photographic print of Fig.  1 had 
to  be  made  on  high-contrast  paper  in  order  to 
make  the  slightly denser  areas  visible.  In  agree- 
ment with what had  previously  been seen of the 
reduction  of potassium  tellurite  (2,  4,  5)  in  this 
organism,  the  denser  areas  are  comparatively 
small  and  definitely  contiguous  with  the  plasma 
membrane  (Fig.  1,  Ch). In  these  preparations of 
TNBT-treated  cells it is often  difficult to  discern 
the  triple-layered  structure  of  the  plasma  mem- 
brane,  so  well  visible  in  the  normal  cells  or  in 
cells  treated  with  tellurite.  In  the  stained  areas, 
apart from  a  small stretch of plasma  membrane, 
membranes of usual structure were never observed 
with certainty. 
Besides the areas of increased densities a  second 
kind  of  unusual  structure  is  found  in  TNBT- 
treated  cells  (Figs.  2  to  4,  W).  These  structures 
apparently  are  whorls  of thin  membranes.  They 
occur  in  cells  incubated  with  dehydrogenizable 
substrate  as  well  as  in  those  incubated  with 
TNBT  in  buffer  only  (Fig.  4).  However,  when 
incubated  with  the  dehydrogenizable  substrate, 
there is more contrast between the whorls and the 
cytoplasm than when substrate is absent. 
Under  the  light microscope,  the  reaction  with 
TNBT  and succinate appeared  to be rather weak 
in this organism.  Therefore we  tested  some other 
substrates for their effects on TNBT reduction in 
Proteus and found,  on macroscopical  examination 
of the  test tubes and under  the light microscope, 
that the reactions with formate (Fig.  2, inset) and 
with  lactate  as  substrates  were  very  strong,  that 
the  reaction  with  succinate  was  comparatively 
weak but positive,  and that there was no reaction 
with pyruvic acid. 
The  reaction  of TBNT  in  the  presence  of for- 
mate is so strong that already after  10 minutes the 
cells  appear  swollen  and  the  blue  formazan 
granules  begin  to  protrude  from  the cell  surface. 
In electron micrographs of this material there were 
many instances of small protuberances rising above 
the  cell  surface.  Serial  sections  have  not  been 
studied.  These  protuberances had  the  same  elec- 
FIGURE  1  Proteus  cell  treated  with TNBT  and sueeinate for  1  hour.  The  cell shows 
considerable loss of  the usual  range of  contrasts.  At Ch the areas  of slightly increased 
density arc presumably due to deposition of diformazan. X  168,000. 
FmVRE ~  Proteus cell treated with TNBT and formate for I  hour.  Again there is loss 
in range of contrasts. At W is a whorl of thin membranes, the result, it is believed, of the 
noxious influence of TNBT. Protuberances can be seen at three places. The plasma mem- 
brane (Pro) has not been pushed outward,  nor have the inner layers  (CWI)  of the cell 
wall,  but the outer layers of the cell wall (CWO) delimit the protuberances on their outer 
aspect. Inset shows light microscopical picture of Proteus treated with TNBT and formate 
for 1 hour, showing black granules of reduced TNBT in the periphery of the cell.  Fig. ~, 
M 144,000;  inset, X  6500. 
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distinguish  ribosomes  in  them.  In  some  of  the 
subsequent  sections,  if  these  had  been  photo- 
graphed,  we  might  have  observed  stained  areas 
like the one indicated as Ch in Fig.  3.  In Fig. 2 it 
can  be  seen  that  the  cell wall  has  not just  been 
lifted  by  some  internal  pressure  but  is  split  into 
at least two parts.  For instance,  at the bulge near 
the  top  of Fig.  2  it  can  be  seen  at  Pm that  the 
plasma  membrane  delimits  the  cytoplasm  in  its 
normal  position  and  that  the  inner  aspect of the 
bulge is delimited by certain layers  (CWI) of the 
ceil wall, whereas the outer aspect of the bulge is 
bordered  by other parts of the cell wall (CWO). 
The  control  cell  (Fig.  4),  which  had  been 
incubated with TNBT without substrate,  possesses 
a  range of contrast  that  is at least  as low as that 
in  cells  incubated  with  suitable  substrate.  From 
this it seems to follow that TNBT treatment itself 
has an influence on the cell that is still observable 
after  osmium  tetroxide  fixation.  In  control  cells 
we  have  encountered  membrane-bounded  vacu- 
oles  (Fig.  4,  V).  We have seen these  also in cells 
incubated  with  the  substrates,  but  much  less 
frequently. 
The results described should be compared  with 
the effect of incubation of the cell with potassium 
tellurite  in  its  normal  culture  medium  (Fig.  5). 
As  previously  described  (2,  4,  5),  extremely 
electron-opaque,  sharply  defined  deposits  of  re- 
duced  product  are found  adjacent  to  the  plasma 
membrane and also somewhat farther away in the 
cytoplasm. 
COMMENTS 
In Proteus cells the concurrence  between  the sites 
of the deposition of diformazan and the sites of the 
reduction  products  of  tellurite  appears  good. 
However,  the  deposits  of the reduced  product of 
the  tellurite reaction  are sharply  outlined  and  of 
high  electron opacity,  whereas in  the case of the 
tetrazolium  reduction  the  staining  appears  to  be 
rather  diffuse  and  of  low  electron  opacity.  The 
diformazan  molecule  not  only  has  less  electron- 
scattering  power  than  the  tellurium  products, 
but  another  drawback  of  the  TNBT  method  is 
that  during  the  preparation  for electron  micros- 
copy  the  diformazan  is  partly  extracted.  This 
extraction is most visible during  the dehydration 
at the lower concentrations of acetone and in  the 
20  per  cent  Vestopal-acetone  mixture.  This  dis- 
advantage of the TNBT method is less evident in 
the  Epon  embedding  procedure  where  we noted 
a  little  extraction  only  in  the  propylene  dioxide 
step.  However,  even a  slight degree of extraction 
is  a  serious  matter  since  it  indicates  mobility of 
the reduction product. 
We noted loss in range of contrasts in all TNBT- 
treated  cells.  It  must  be  left  undecided  whether 
this effect is due to extraction of cell constituents 
by  TNBT  or  to  a  lowering  of the  staining  with 
osmium, or to some other cause. 
In  the  light  microscope,  it  was  noticed  that 
bulges  of a  deep  blue  color  appeared  on  Proteus 
ceils  after  short  incubation  in  the  presence  of 
TNBT  and  formate  (Fig.  2,  inset).  In  the corre- 
FIGURE 3  Cell treated like the one in Fig. ~.  At  W,  a  whorl  of  membranes; at Ch, pre- 
sumably  a deposit of diformazan.  )<  177,000. 
FIGURE 4  Control cell treated with TNBT in buffer only. Here too, the range of contrasts 
has  decreased.  Note  the  faint  whorl  (IV).  The  vacuoles  (V)  have  been observed more 
frequently in the diformazan-free control cells  than  in those with diformazan  granules. 
X  ll0,000. 
FIGURE 5  Cell treated  with  tellurite in its  normal  culture  medium  for 4  hours.  Note 
extreme opacity of the deposits of reduced tellurite (Ch). The sites of these deposits may 
well coincide with those of the diformazan in Figs. 1 and ~.  )  16~,000. 
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tuberances  can  be  seen  surrounded  by  separated 
layers of the cell wall  (Fig.  2),  but  their contents 
lack  the  contrast  to  be  expected  from  formazan 
deposits.  At  present  we  do  not  want  to  decide 
whether  these  protuberances  are,  in  the  living 
state, filled with diformazan. If they had originated 
from excessive diformazan  production,  it is some- 
what  difficult to  understand  why  the  cell wall is 
split  instead  of  being  pushed  outwards  together 
with the underlying plasma membrane. 
The membranous whorls found after exposure to 
TNBT are not,  in our opinion,  to be regarded  as 
chondrioids.  This  view is based  on  the  following 
arguments:  (a) we have never previously observed 
them  in  any  of  our  experiments  with  Proteus; 
(b)  the  whorls  are  present  even  in  the  controls 
which were incubated  with TNBT in the absence 
of  an  oxidizable  substrate.  For  this  reason  we 
wonder  whether  the  cell  might  react  to  the 
noxious  influence  of the  TNBT  by  formation  of 
concentric  membranes.  If so,  it might  be worth- 
while to investigate whether such a reaction to an 
injurious stimulus is a  more general  phenomenon 
than the one described here. 
VanderWinkel  and Murray  (6),  treating Escher- 
ichia toll and Spirillum  sopcns with  2,3,5-triphenyl 
tetrazolium,  observed  completely  empty  spaces 
which  were  explained  by  the  dissolution  of 
formazan  deposits.  Applying  nitro-blue  tetra- 
zolium  (NBT)  to  "regenerating forms"  of Proteus 
vulgaris,  Nermut  (7)  counted  in  the  electron 
microscope  an  average  of four  empty  areas  per 
cell section, whereas in the sections of the control 
cells the average number was 0.05. Nermut, in his 
case,  interpreted  these  empty  holes  as  the  sites 
where  originally  the  NBT  formazan  had  been, 
and  which  he  believed  to  be  sublimated  subse- 
quently  in  the  electron  microscope.  However,  in 
our preparations  the e'exnpty spaces" were almost 
exclusively confined to control cells (Fig. 4) which 
in  the  light  microscope  proved  to  be  free  from 
granules  of  formazan.  In  these  anaerobically 
cultured  Proteus  cells  the  empty,  membrane- 
bounded  vacuoles could perhaps  be an expression 
of the known  pleomorphic properties of this par- 
ticular Prohus strain.  The  diformazan  deposits  as 
demonstrated here are easily overlooked in electron 
micrographs,  their visualization requiring reason- 
ably  good  electron  microscopical  contrast  and 
resolution; not so the reduction  products  of tellu- 
rite. 
Neither in  the deposits of formazan  nor in  the 
tellurium  products  were  we  able  to  observe  any 
systems consisting of true membranes,  apart  from 
short stretches of normal plasma membrane.  ]his 
was  what  we  had  been  expecting,  since  in  our 
experience  many  Gram-negative  bacteria  nor- 
mally  lack  the  tubular-vesicular  and  concentric 
membrane  systems  described  for  Gram-positive 
species.  Recently,  however,  we  learned  of  an 
exception,  namely Caulobacter, in which  there  are 
concentric membranes (8).  Investigation is needed 
to  determine  whether  also  in  Caulobacter the  re- 
ducing  enzymes  are  contained  in  these  mem- 
branes. 
In  the  Proteus cell  the  absence  of  a  special 
membrane  system  at  the  sites  of  the  oxidative- 
reductive  activity  emphasizes  the  question  of 
functional  and  morphological correspondence  be- 
tween the Proteus-type of bacterial chondrioids and 
true mitochondria. 
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